The simple gas ethylene influences a diverse array of plant growth and developmental processes including germination, senescence, cell elongation, and fruit ripening. This review focuses on recent molecular genetic studies, principally in Arabidopsis, in which components of the ethylene response pathway have been identified. The isolation and characterization of two of these genes has revealed that ethylene sensing involves a protein kinase cascade. One of these genes encodes a protein with similarity to the ubiquitous Raf family of Ser/Thr protein kinases. A second gene shows similarity to the prokaryotic two-component histidine kinases and most likely encodes an ethylene receptor. Additional elements involved in ethylene signaling have only been identified genetically. The characterization of these genes and mutants will be discussed.
INTRODUCTION
The simple gas ethylene (C 2 H 4 ) has profound effects on a diverse array of plant growth and developmental processes, including germination, senescence, abscission, flowering, fruit ripening, and stress responses (reviewed in 1, 58). Significant progress has been made in our understanding of the ethylene biosynthetic pathway, culminating with the cloning and characterization of the genes encoding the two key enzymes, ACC synthase and ACC oxidase (reviewed in 40, 41, 87, 93, 96) . Genetic and molecular analysis of ethylene signaling, mainly in Arabidopsis, has begun to provide glimpses into the molecular basis for ethylene perception and signal transduction (for other reviews see 9, 15, 17, 26, 42, 44, 96) . This review is an account of the emerging picture of ethylene signaling that has been gleaned from these studies.
GENETIC ANALYSIS
When seedlings from many different dicotyledonous plant species are grown in the dark in the presence of ethylene they adopt a striking morphology, referred to as the triple response. In pea, the triple response consists of an inhibition of elongation and radial swelling of the epicotyl and an altered response to gravity (diageotropism) (46) . Using this response, Neljubov first identified ethylene as a regulator of plant development by demonstrating that it was the active component of illuminating gas, which had previously been shown to have dramatic effects on plants in the late nineteenth century (66) . In Arabidopsis, the triple response consists of an inhibition of root and hypocotyl elongation, radial swelling of the hypocotyl, and an exaggeration of the curvature of the apical hook. This response of Arabidopsis seedlings provides a facile screen for the isolation of ethylene response mutants and has been the key in unraveling the molecular basis of ethylene signaling. Mutants have been identified that fail to display the triple response in the presence of exogenously added ethylene (insensitive) as have mutations that constitutively display this response. These mutations affect virtually all ethylene responses in both seedlings and adult plants, suggesting that they affect central components in ethylene signaling. An additional class of mutants affect ethylene responses in only a subset of tissues, such as the root (eir1) or the apical hook (hls1) and may act late in the ethylene response pathway.
Ethylene-Insensitive Mutants
Ethylene-insensitive mutants fail to display the triple response in the presence of saturating levels of exogenously added ethylene and are readily identifiable as tall seedlings protruding above the "lawn" of short, wild-type seedlings. The first such mutant identified was etr1 (ethylene-resistant), which is inherited as a single gene, dominant mutation (8) . This mutant is defective in a number of ethylene responses, including promotion of seed germination, enhancement of peroxidase activity, and acceleration of senescence of detached leaves. In addition, etr1 mutants fail to display increased expression of ethylene-induced genes upon treatment with ethylene. etr1 leaves bind only 20% as much exogenous ethylene as wild-type leaves, which is consistent with data suggesting ETR1 encodes an ethylene receptor (see below). The ein1 mutations, which were identified in a separate study (33) , have been found to be allelic to etr1.
The other well-characterized ethylene-insensitive mutation is ein2 (33), which is recessive and displays a relatively strong ethylene-insensitive phenotype as judged by the severity of the triple response in the presence of saturating levels of ethylene. Like etr1 mutants, ein2 mutants are defective in all ethylene responses that have been tested. Both ein2 and etr1 also show a 5-to 10-fold increase in the basal level of ethylene production in both etiolated seedlings and leaves from adult plants, suggesting that they are defective in the negative feedback regulation of ethylene biosynthesis (8, 33) . One unique aspect of ein2 mutant plants is that they fail to display disease symptoms, such as chlorosis and water-soaked lesions, upon infection with various strains of virulent bacteria, including Pseudomonas syringae and Xanthomonas campestris (6) . However, the growth of pathogen is unaffected in ein2 mutant plants. This reduction in disease symptoms is not observed with other ethylene-insensitive mutant plants, which suggests that the ethylene response pathway may contain a branch specific for pathogen-induced damage.
The ein4 and etr2 mutations, like etr1, are also dominant and act upstream of ctr1 (15, 76) . The absence of recessive, loss-of-function alleles at these three loci suggests that these genes are required for viability or that they are genetically redundant. The latter explanation is most likely correct in the case of ETR1 because it has been found to be encoded by a small multigene family (see below). It is possible that ein4 and etr2 encode members of the ETR1 gene family because they are both dominant and act upstream of CTR1 (see below and Figure 1 ).
Mutations that result in a weaker ethylene-insensitive phenotype have been identified at five other genetic loci. The ain1 (ACC-insensitive), ein3, ein5, and ein6 mutations are recessive, whereas the ein7 mutation is semidominant (76, 89) . The weak phenotype of these mutations could be due to partial redundancy of their gene products or to mutations that are only partial loss of function. The ein5 mutation maps very close to the recessive ain1 mutation and thus may be allelic.
In an additional study, five ethylene-insensitive mutants were isolated that were referred to as eti (34) . These have been only partially characterized genetically, and so it is unclear whether they represent novel loci. The ability of eti mutant seedlings to emerge through sand was shown to be directly proportional to the sensitivity of the seedlings to ethylene. This is consistent with the hypothesis that the triple response morphology is an adaptation that allows penetration of the seedling through soil, perhaps by protecting the delicate apical meristem from mechanical damage.
A number of Arabidopsis mutants that were isolated for resistance to auxin in the root also display resistance to other hormones, often including ethylene. The aux1, axr1, axr2, and axr3 mutants display resistance to auxin, ethylene, and in some cases cytokinin or abscisic acid (37, 71, 92) . These mutants all have an altered response to gravity. axr1 and axr2 mutants have distinct rosette and inflorescence phenotypes that are consistent with auxin insensitivity, whereas the aux1 mutant primarily affects the root. The mechanism of multiple hormone resistance is unclear. The AXR1 gene has been cloned and found to encode a protein similar to ubiquitin-conjugating enzyme, suggesting a role for protein degradation (51) . These mutants, like the hls1 mutant (50; also see below), highlight the interaction of multiple plant hormones in regulating various aspects of plant growth and development. 
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Figure 1 Proposed order of action of genes involved in ethylene production and perception in Arabidopsis. The order of the pathway was derived from the analysis of epistasis between the various mutants (15, 45, 76) . Genetic analysis suggests that the pathway is primarily linear, with the exception of the EIR1 gene product (see text), which may lie on a parallel pathway. Various responses to ethylene are indicated at the right of the Figure. 
Constitutive Response Mutants
A number of mutants display the triple response in the absence of exogenous ethylene. These mutations fall into two classes. One class overproduces ethylene to such a level that the triple response is induced (33, 45) . Such Eto (ethylene overproducers) mutations are recognized because they are reverted by inhibitors of ethylene biosynthesis, such as aminoethoxyvinylglycine (AVG; 3) and α-aminoisobutyric acid (AIB; 77) and by inhibitors of ethylene binding such as trans-cyclooctene (81) and silver ion (7). The Eto mutations identify genes important in regulating ethylene biosynthesis. Five different Eto loci have been identified, and they produce from 10-to 100-fold more ethylene than wild-type, etiolated seedlings (33, 45; K Woeste & J Kieber, unpublished observations).
A second class of mutants display the triple response even in the presence of inhibitors of ethylene biosynthesis and binding, which suggests that these mutations affect ethylene signal transduction (45) . As expected, these Ctr (constitutive triple response) mutants do not make significantly more ethylene than wild-type seedlings. The ctr1 mutation is recessive and has dramatic effects on the morphology and development of both seedlings and adult plants. ctr1 mutant alleles are transmitted at a reduced frequency relative to the wild-type allele, and reciprocal backcrosses have revealed that this is due to a defect in female ctr1 gametophytes (43) . Etiolated ctr1 seedlings take longer to open the apical hook and expand their cotyledons when shifted to light as compared with wild-type seedlings. ctr1 leaves and roots are smaller, the plants flower later, and the inflorescence is much more compact than that of wild-type plants. These phenotypes can be copied by growing wild-type plants in ethylene, suggesting that the various ctr1 phenotypes reflect constitutive ethylene responses. This is supported by the fact that ctr1 mutant seedlings and adult plants display a constitutively high level of expression of ethylene-regulated genes.
Leaf epidermal cells from air-grown, wild-type plants are fivefold larger than those from either air-grown ctr1 mutant plants or ethylene-grown wildtype plants (45) . This smaller cell size accounts for the majority of the decrease in leaf size observed in ctr1 mutant plants and may underlie some of the other ctr1 phenotypes such as the shortened hypocotyl, compacted inflorescence, and reduced root system. Ethylene has been shown to inhibit cell elongation in other plant species, perhaps because of a reorientation of the cytoskeleton and/or cell wall (4, 49, 75, 80, 84, 95) . Ethylene-insensitive mutations such as etr1 and ein2 have 25% larger rosette leaves than wild-type plants (8, 33) . This larger leaf size was correlated with an increase in cell size, consistent with the results obtained with ctr1. It seems likely that this increase in cell size in the ethylene-insensitive mutants is due to a failure to respond to a basal level of ethylene. These results suggest that an important role of ethylene is to regulate the size and stature of plants in response to various environmental cues.
An additional phenotype of ctr1 is the formation of ectopic root hairs (23) . Ethylene causes proliferation of root hairs in many plant species as well as the production of root hairs in certain species under conditions in which hairs are not normally observed (1, 20, 22) . Arabidopsis root hairs are almost always located in epidermal cells that overlie a junction between adjacent cortical cells (24) . In ctr1 mutant roots, extra root hairs form in ectopic locations in the epidermis, suggesting that ctr1 may act to negatively regulate the decision to adopt a hair cell fate (23) . Ectopic hairs are also found in wild-type seedlings that are grown in the presence of ACC, which is readily converted to ethylene by plants (86) . This indicates that ethylene may be the diffusible signal that has been proposed to regulate root hair cell fate (13) . Consistent with this, seedlings grown in the presence of ethylene inhibitors (such as silver ion) display a reduction in root hair formation as do ethylene-insensitive mutant seedlings. The axr2 mutant, which displays insensitivity to ethylene in the root, does not develop root hairs (92) . A mutant (rhd6) has also been identified that requires exogenous ethylene to develop root hairs (57) .
The recessive nature and molecular analysis of five ctr1 mutations indicate that these are loss-of-function alleles. ctr1 mutations result in a constitutive activation of ethylene responses in both seedlings and adult plants. These results suggest that the wild-type function of CTR1 is to negatively regulate ethylene signaling in seedlings and adult plants. The pleiotropic nature of ctr1, as well as of the ethylene-insensitive mutations, suggests that seedlings and adult plants share common components for responding to ethylene.
Several lines of evidence suggest that the screen for ethylene response mutations is not yet saturated. A single recessive allele of a second Ctr gene, ctr2, has been identified (K Woeste & J Kieber, unpublished observations), and only a single allele has been identified for several loci that result in ethylene insensitivity. Furthermore, additional genes involved in ethylene signaling may not have been detected because they are functionally redundant or their loss of function may result in lethality or infertility. Only limited attempts have been made to identify lethal or infertile ethylene response mutants. A likely possibility for functional redundancy in ethylene signaling is MAP kinase, which is encoded by a large gene family in Arabidopsis [at least ten genes (39, (59) (60) (61) ] and which may be involved in ethylene signaling because in other species MAP kinases act downstream of Raf (see below). Thus, while many genes involved in ethylene signaling have been found by genetic means, it is likely that additional elements will be identified by a combination of further genetic screens and biochemical and molecular methods.
Analysis of Epistasis
The epistatic relationships among the various ethylene response mutants has been determined (15, 38, 45, 76) , and the results are summarized in Figure 1 . The epistasis between ctr1 and the etr1, ein2, ein3, and ein4 mutations is complete, and double mutants among the etr1, ein2, and ein3 mutations do not display any additivity in their phenotype. These results are consistent with a primarily linear pathway. The order of action of the ethylene-insensitive mutations relative to the ctr1 mutation has been determined using this approach. The ETR1, EIN4, ETR2, and ERS gene products are predicted to act upstream of CTR1, while the EIN2, EIN3, EIN5, EIN6, and EIN7 gene products are predicted to act downstream. All the latter mutations also mask the adult phenotype of ctr1 with the exception of the ein7 mutation, which suggests that perhaps a developmental change in EIN7 expression occurs in adult plants. etr1 and ein2 are epistatic to the ethylene-overproducing mutants (eto1 and eto2) indicating that these ethylene-insensitive mutations are also resistant to endogenous ethylene.
eir1 mutant seedlings display insensitivity to ethylene in the root, but the apical portions of the seedlings display a normal ethylene response. The epistasis between eir1 and ctr1 is incomplete; the double mutant has a root that is intermediate in length (76) . The eir1 mutation also displays an additive phenotype with the ein3 and ein5 mutations. These results suggest that eir1 may lie on an independent signaling pathway or that eir1 may be a "leaky" allele.
ETHYLENE PERCEPTION: ETR1
The ETR1 gene was isolated by positional cloning (16) and found to encode a protein with similarity to bacterial two-component histidine kinases (Figure 2) . The amino-terminal region of the protein contains three hydrophobic stretches, each of which is predicted to span a membrane. The carboxy terminus of ETR1 displays similarity to both the histidine kinase and response regulator domains of bacterial two-component sensing systems (reviewed in 69, 85). Two-component regulators are the major route by which bacteria sense and respond to various environmental cues such as phosphate availability, chemosensory stimuli, and osmolarity. It has been estimated that Escherichia coli has at least 50 different two-component systems (85) . The two components consist of a sensor and an associated response regulator. The sensor is responsible for perceiving the signal (the input domain), which induces autophosphorylation of the histidine kinase domain on a conserved histidine residue. This phosphate is then transferred to a conserved aspartate residue on the receiver domain of the cognate response regulator, which in turn regulates the activity of the output domain. Based on its primary amino acid sequence and binding to ethylene (see below), the ETR1 protein is predicted to contain a sensor component fused to a receiver domain of a response regulator.
ETR1 is found as a membrane-associated, disulfide-linked dimer in extracts of Arabidopsis and when expressed in yeast (79) . all ETR1 homologs that have been sequenced, suggesting that dimerization may be a conserved feature in these proteins. ETR1 is also associated with membranes when extracted from Arabidopsis (79) . It was unclear which membrane system ETR1 was associated with in either yeast or Arabidopsis. ETR1 does not contain a conserved signal sequence for membrane insertion. However, topological analysis predicts that the carboxy-terminal portion of the protein lies on the cytoplasmic face of the plasma membrane. Yeast cells that express wild-type ETR1 protein were shown to bind ethylene with a high affinity, and this binding was saturable, whereas yeast expressing a mutant version of the ETR1 protein (etr1-1) did not display detectable saturable binding of ethylene (78) (33, 81, 82) . These results, together with the observation that etr1 mutant seedlings display reduced ethylene binding (8) and genetic epistasis analysis placing ETR1 as the earliest acting of the ethylene mutations (45) provide compelling evidence that ETR1 encodes an ethylene receptor. An important experiment to confirm this is to demonstrate that ethylene binding alters the functionality of the ETR1 protein.
The binding of ethylene was localized to the amino-terminal, hydrophobic domain of ETR1 (78) . A truncated version of ETR1 containing only the first 165 amino acids still displayed significant binding to ethylene, suggesting that this portion was sufficient for binding. The four etr1 mutations all occur in this amino-terminal hydrophobic domain within the three transmembrane segments, and one of these mutations, etr1-1, has been shown to disrupt ethylene binding both in Arabidopsis and when expressed in yeast. This suggests that the transmembrane segments are required for ethylene binding. This region is the most conserved among the four ETR1 homologs that have been analyzed (see below), which further supports the notion that ethylene binds in this region. Binding in a membrane environment is not unexpected because ethylene is 14 times more soluble in lipids than in water under physiological conditions (1).
ETR1 is present as a small gene family in Arabidopsis. One such homolog, ERS was cloned by low-stringency hybridization to ETR1 (38) . ERS is 67% identical to ETR1 at the amino acid level, but lacks the receiver domain of the response regulator. ERS does not map to any identified ethylene-insensitive mutation. A mutation analogous to the etr1-4 mutation (a Ile → Phe change in the second transmembrane segment) was introduced into ERS and found to result in dominant ethylene insensitivity when expressed in Arabidopsis. Epis-tasis analysis indicated that the ers mutation acts upstream of the ctr1 mutation, consistent with the results observed with etr1. Thus, ERS and ETR1 may both act as ethylene receptors and may be partially functionally redundant. This redundancy in function may explain why only dominant etr1 mutations have been identified and why etr1 seedlings still retain 20% of their ethylene binding when the same mutant version of ETR1 lacks detectable binding when expressed in yeast. An intriguing possibility is that heterodimers may form between the various ETR1 proteins allowing for modulation of the sensitivity of a tissue to ethylene. No ethylene-insensitive mutations have been identified at the ERS locus, which further supports the notion that the screen for ethylene-insensitive mutations has not yet been saturated.
The gene corresponding to the tomato Never-ripe (Nr) mutation has been found to encode a protein with high similarity to ETR1 (90, 94) . The Nr mutation is a dominant ethylene-insensitive mutation that affects both seedling and adult ethylene responses (48) . Like ERS, the predicted NR protein lacks the response regulator domain. The Nr mutation occurs in a residue identical to the residue affected in the etr1-4 mutation. Interestingly, the NR gene is strongly induced by ethylene during fruit ripening, suggesting that perhaps sensitivity of ripening fruit to ethylene is modulated by the regulation of expression of NR (90) . A second gene with homology to ETR1, eTAE1, has also been identified from tomato (97).
SIGNAL TRANSDUCTION

CTR1 Protein Kinase
The first gene identified in ethylene signaling was CTR1. This gene was cloned using a T-DNA tagged allele (45) , and its structure is shown in Figure  2 . The carboxyl terminus of CTR1 has all the hallmark features of a serine/threonine protein kinase, and expression of CTR1 in insect cells using baculoviral vectors confirms that the protein does have intrinsic Ser/Thr protein kinase activity (Y Huang & J Kieber, unpublished observations). The amino acid sequence of CTR1 is most similar to the Raf family of protein kinases. Raf was originally identified as a cellular homologue of v-raf, the transforming gene from an avian retrovirus (73) . Raf-1 encodes a 73 kDa protein, the carboxy-terminal half of which encodes a Ser/Thr protein kinase (reviewed in 21, 56, 63, 64, 72, 91) . The oncogenic forms of Raf are typically deleted in the 5′ half of the gene, and the minimal transforming sequence was found to correspond to the kinase catalytic domain (35, 83) . The various Raf proteins from animal cells share three highly conserved regions (CR1-3; 36).
The first domain, CR1, consists of a binding domain for the Ras protein followed by a cystine-rich zinc finger motif that has been shown to bind two molecules of zinc (30) . CR2 contains a high proportion of serine and threonine residues that are the targets of Raf-1 autophosphorylation as well as phosphorylation by other serine/threonine kinases such as protein kinase C (47, 65) . CR3, which encompasses the carboxyl-terminal half of Raf, comprises the kinase catalytic domain. The carboxyl-terminal half of CTR1 shows high homology to the CR3 domain, but the amino terminus shows only limited similarity to Raf. Notably, CTR1 lacks the zinc finger and Ras-binding motifs found in the Raf CR2 region.
Raf is part of a cascade of conserved protein kinases that are involved in the transduction of a number of external regulatory signals including mitogens, growth hormones such as PDGF and EGF, insulin and IL-2 as well as a number of developmental signaling cascades (reviewed in 14, 36, 70, 72) . The receptors for these signals generally activate Raf indirectly, through the small GTP-binding protein Ras (reviewed in 5, 21). GTP-bound Ras localizes Raf from the cytoplasm to the plasma membrane where Raf then becomes activated, most likely by phosphorylation within the amino-terminal half. The current model of activation of Raf is that the amino-terminal half acts to auto-inhibit the kinase domain, and activation results from a conformation change caused by phosphorylation, which results in a relief of this autoinhibition (21) . However, recent results from functional mapping of Raf indicate that deletion of the amino-terminal region does not necessarily result in increased basal kinase activity, suggesting that the regulation of Raf may be more complex (19) . The lack of homology of CTR1 to the amino-terminal portion of Raf suggests that CTR1 may be regulated by different upstream factors and/or by a distinct mechanism. The apparent absence of a plant homolog to the Ras protein also supports this idea. However, it is interesting to note that the three-dimensional structure of the bacterial protein CheY, whose structure is thought to be representative of all bacterial two-component regulators, is similar to that of Ras (53) , which suggests that ETR1 may directly regulate CTR1.
The substrate range of Raf-1 is extremely limited (29); the only physiological target is the dual-specificity protein kinase MEK, which is activated by phosphorylation of two conserved serine residues (2). This phosphorylation is only efficient if MEK is in its native form, suggesting that Raf recognizes a tertiary structure of MEK (29) . Activated MEK, in turn, then activates MAP kinase via phosphorylation on both a tyrosine and a threonine residue. The activated MAPK then phosphorylates numerous downstream targets, including a number of transcription factors such as c-Myc and c-Jun. The region of Raf that is important for the recognition of MEK is completely contained within the protein kinase catalytic domain (88) . Because CTR1 displays high similarity to the kinase domain of Raf, it seems plausible that CTR1 may phosphorylate a similar target. Consistent with this, an Arabidopsis MEK gene has recently been identified that gives a constitutive triple-response phenotype when its expression is repressed by introduction of an antisense version of the gene in transgenic Arabidopsis (P Morris, personal communication). Raz and Fluhr have found that ethylene induces a rapid and transient phosphorylation of several proteins in tobacco (74) , which supports the idea that a protein kinase cascade is involved in the ethylene signal transduction pathway.
All the mutations in the CTR1 gene that have been analyzed are predicted to disrupt its kinase activity, including three single-amino acid changes in residues that are extremely conserved in protein kinases (45) . Coupled with the recessive nature of ctr1 mutations, these results indicate that the kinase activity of CTR1 is required to negatively regulate the ethylene response pathway. Furthermore, these results suggest that the protein kinase activity of CTR1 is active in air and is shut off in the presence of ethylene.
The CTR1 gene hybridizes to genomic DNA from several other plant species, including tomato, tobacco, and maize (43) , and several rice EST clones show high homology to CTR1. Two tomato homologs of ETR1 have been identified (90, 97) . These results suggest that these components of the ethylene signal transduction pathway may be conserved in higher plants.
Downstream Components
One of the primary effects of ethylene is to alter the expression of various target genes. Ethylene treatment results in an increase in the level of mRNA of numerous plant genes, including cellulase, chitinase, peroxidase, chalcone synthase, a basic-type PR gene, and β1-3 glucanase, as well as ripening-related genes and ethylene biosynthetic genes (for examples see 11, 27, 28, 29a, 87; reviewed in 12). DNA sequences [(ethylene response elements (ERE)] that confer ethylene responsiveness to a minimal promoter have been identified from the ethylene-regulated pathogenesis-related (PR) genes, and a GCCGCC repeat motif was identified as both necessary and sufficient for this regulation (67) . Four proteins that bind to ERE sequences were identified in tobacco, and the steady-state level of RNA for these genes increases dramatically and rapidly in response to ethylene. These ERE-binding proteins (EREBPs) may be primary targets of the ethylene response pathway and may regulate the expression of other secondary response genes such as the PR genes. The DNA-binding domain of these EREBPs has been localized to a 59-amino acid region that shows similarity to a number of uncharacterized plant proteins, as well as to the AP2 protein (26) , a predicted nuclear protein that is involved in floral development in Arabidopsis.
Ethylene regulates several plant responses that require differential cell elongation, such as epinasty, tendril coiling, and apical hook formation (reviewed in 1). Growth in the presence of ethylene results in a marked exaggeration in the curvature of the apical hook in etiolated Arabidopsis seedlings. The apical hook is the result of differential cell expansion of the hypocotyl caused by the influence of ethylene and auxin, as well as other factors. The hookless1 (hls1) mutation disrupts apical hook formation in both air-and ethylene-grown Arabidopsis seedlings (33) . The HLS1 gene has recently been cloned and found to show similarity to a diverse group of N-acetyltransferases from bacteria to mammalian cells (50) . HLS1 expression is uniform transversely across the apical hook, suggesting that it does not influence hook formation by differential expression in the adaxial and abaxial tissues of the hook. However, the steady-state level of HLS1 mRNA is induced by ethylene, and overexpression of HLS1 resulted in seedlings that displayed a constitutively exaggerated apical hook. This suggests that increased HLS1 expression is sufficient to induce hook formation and that ethylene may influence hook curvature by regulating the expression of HLS1. The pattern of expression of two primary auxin-upregulated genes, AtAux2-11 and SAUR-AC1, was found to be altered in hls1 mutants in the tissue that normally forms the apical hook, but not in other parts of the seedling, suggesting that HLS1 may play a role in auxin metabolism or transport in this tissue. The HLS1 protein may regulate auxin function in the apical hook by the acetylation of an IAA-related metabolite, thereby altering its activity (50) . A second possible function of HLS1 is the acetylation of the amino terminus of a group of proteins involved in auxin transport. Amino-terminal acetylation of eukaryotic proteins is widespread and has been shown to block protein degradation (reviewed in 25). As mentioned previously, there is evidence that protein degradation plays an important role in auxin signaling, and acetylation may play a role in regulating this process.
MODEL FOR ETHYLENE SIGNALING
Ethylene signaling begins with binding to a receptor(s), which almost certainly includes members of the ETR1 gene family. This binding has been hypothesized to be mediated through a transition metal coordinated within the hydrophobic region of ETR1, which then induces a conformational change of ETR1 that may alter the rate of trans-phosphorylation between subunits (9). The altered conformation of ETR1 then results in the shutting off of the kinase activity of CTR1, either directly or indirectly (Figure 3) .
The nature of the dominance of the etr1 and ers mutations is important to the understanding of how these proteins act in ethylene signaling. One possibility is that the mutations act by a dominant negative mechanism. In this case, the protein is present in a multisubunit complex, and the mutant form of the enzyme acts to block the activity of the wild-type form by poisoning the entire complex. This model seems somewhat unlikely given the fact that there may be at least four members of this gene family (ETR1, ERS, and possibly EIN4 and ETR2) and the mutations result in almost complete insensitivity to ethylene. If the proteins form only dimers, then 1/4 of the receptor complexes would be poisoned (assuming approximately equal levels of expression of these four genes), which would not seem to be sufficient to eliminate ethylene perception. However, it is possible that higher-order complexes are formed and that a single mutant subunit may poison enough complexes to decrease the level of active receptors below a threshold required for a response.
A second possibility (diagrammed in Figure 3 ) is that the etr1 mutations are dominant because they result in gain-of-function changes in the protein. In this case, the mutant form of the enzyme would be locked in the catalytically active state. In this context, "active" means that ETR1 has the ability to result in the inactivation of the kinase activity of CTR1. In this model, ETR1 is active in the absence of ethylene and becomes inactivated upon binding of the ligand. Thus, mutations that disrupt ethylene binding would result in an enzyme that was constitutively on, which would result in a constitutive inactivation of CTR1 and thus a lack of responsiveness to ethylene. Such a model would predict that the mutant phenotype of the etr1 mutations would be insensitive to gene dosage, or to the presence of multiple functionally redundant genes. It is also consistent with the absence of ethylene binding seen in the mutant forms of ETR1. One two-component precedent for such a model is the FixL receptor, which regulates nitrogen fixation genes in Rhizobium in response to oxygen (62) . The histidine kinase of FixL is active in the absence of oxygen and is inactivated upon binding of oxygen to a heme moiety (31, 52) . A second intriguing example is the osmosensing pathway in yeast. This system is comprised of the SLN1, gene which encodes a putative two-component histidine kinase and the SSK1 gene that encodes a response regulator (55, 68) . SSK1 then regulates the activity of a MAP kinase cascade consisting of the SSK2/ SSK22 (MAPKKKs), PBS2 (MAPKK), and HOG1 (MAPK) proteins (10, 54) . This combination of a two-component regulator with a MAP kinase cascade is reminiscent of ethylene signaling. The SLN1 histidine kinase is active in the noninducing conditions (low osmolarity), and it inactivates the downstream MAP kinase cascade, resulting in the osmolarity response not being turned on. In the presence of "inducer" (high osmolarity), SLN1 is inactive, which results in activation of the MAPK cascade and the induction of the osmolarity response.
The function of CTR1 is to negatively regulate ethylene responses, and genetic and molecular data suggest that the kinase activity of CTR1 is required for this repression. Thus the kinase activity of CTR1 should be active in air, and ETR1 probably regulates this activity, either directly or indirectly. Presumably, the activity of CTR1 is regulated through its amino-terminal domain, as is the case with Raf and other protein kinases with amino-terminal extensions such as STE11 and protein kinase C. CTR1 then regulates the activity of the EIN2 and EIN3 gene products, perhaps via a MAP kinase cascade. While this model is consistent with all the data obtained, it is almost certainly incomplete, and it is unclear if any of these interactions are direct and what other elements are involved in ethylene signaling.
CONCLUDING REMARKS
Tremendous advances have been made in the understanding of ethylene signaling in Arabidopsis, and it is now the best understood signal transduction pathway in plants. Several key genes in the pathway have been identified and cloned. The recent cloning of the EIN2 and EIN3 genes should soon extend our knowledge of the molecular nature of the ethylene signal transduction pathway. This work strikingly highlights the power of molecular genetic analysis in Arabidopsis. However, much remains to be learned. Certainly one area for which little information is available is the biochemical analysis of the protein products of these genes and an understanding of how these proteins interact to transduce the ethylene signal. Does ETR1 possess intrinsic histidine kinase activity, and is its activity altered upon binding of ethylene? What are the factors that regulate the kinase activity of CTR1 and what are the targets of its kinase activity? What do the other genes in the pathway encode? The near future should provide answers to some of these as well as other questions and should prove to be an exciting and enlightening period in ethylene research. 
